ABSTRACT In a cell-free protein-synthesizing system from a rabbit reticulocyte lysate, total RNA extracted from cultured rat pituitary tumor (GH3) cells directed, in a dose-related manner, the synthesis of proteins that were precipitated by antisera specific to rat growth hormone (somatotropin) and rat prolactin. A marked decrease in growth hormone secretion and growth hormone mRNA activity was observed when cells were grown in a medium deficient in thyroid hormone. Addition of triiodothyronine in physiologic amounts both prevented and completely reversed this effect within 48 hr. Thyroid hormone had no effect on prolactin secretion or prolactin mRNA activity. These data suggest that thyroid hormone may stimulate synthesis of growth hormone throug induction of transcriptional activity. The possibility of an additional effect at the posttranscriptional level has not been excluded. Although thyroid hormone is believed to have a general effect on a variety of metabolic processes, some effects, at the molecular level, may be quite selective, as indicated by the observed changes in growth hormone but not prolactin mRNA activity. The GH3 cell model is useful in the study of triiodothyronine action because of independence from secondary hormonal effects caused by hypothyroidism and because simultaneous measurement of prolactin mRNA activity serves as a unique internal control. The demonstration of triiodothyronine (T3) binding to nuclear proteins raises the possibility that thyroid hormone may regulate gene expression. Earlier work from Tata's laboratory showed that thyroid hormone-induced protein synthesis was preceded by formation of new RNA (1). Later, DeGroot et al. and Dilman et al. showed increase in the poly(A)-rich fraction of RNA (2, 3). Demonstrations of stimulation of a specific mRNA by thyroid hormones were recently provided by Kurtz et al. (4) and by Roy et al. (5) for a2u-globulin in the rat. However, because a number of hormones are known to stimulate the synthesis of this protein (6) and because thyroid hormone profoundly alters the level of such hormones (7), experiments done in the whole animal do not provide sufficient evidence for the direct induction of -d2u-globulin mRNA by thyroid hormone. Samuels et al. have reported a quantitative correlation between nuclear T3 receptor occupancy and stimulation of growth hormone (GH, somatotropin) synthesis in cultured rat pituitary cells (8). We have adopted a similar experimental model to study more directly the action of thyroid hormone on the induction of a specific mRNA. In a recent report, we have shown that GH and prolactin mRNA activities in the total RNA extracted from a rat pituitary cell line (GH3) that actively synthesizes both hormones can be quantitated using a rabbit reticulocyte lysate cell-free system (9). In this report, we show that in the normal rat serum were 5.4 ,ug/100 ml and 60 ng/100 ml, respectively, and in the Tx rat serum were 0.6 ,g/100 ml and less than 20 ng/100 ml, respectively. RNA Extraction. Each RNA preparation was obtained from 5 to 15 petri dishes or 30 to 70 X 106 cells treated in the same manner. The medium was removed and saved for hormone determination. The cells adhering to the bottom of the petri dishes were washed once with 3 ml of MEM, then harvested by gentle resuspension in the same medium, using a pasteur pipette. A 1 ml aliquot of the pooled 10 ml cell suspension was saved for total RNA (12) and DNA (13) determination and the remainder was centrifuged for 10 min at 600 X g. The cell pellet was resuspended in 1 ml of buffer containing 25 mM MgCl2/50 mM KCI/200 mM sucrose/200 mM Tris-HCl, pH 8.5. In a rapid succession 7 ml of buffer containing 1% sodium dodecyl sulfate/100 mM NaCl/5 mM EDTA/0.02% heparin/10 mM Tris, pH 8.5, was added, followed by 8 ml of phenol/chloroform (1:1 vol/vol) presaturated with a buffer containing 100 mM NaCl/1 mM EDTA/10 mM Tris. Extraction was carried out by manual agitation for 5 min. Following centrifugation for 10 min at 9000 X g the aqueous phase was removed, and the organic phase containing the denatured protein interphase was re-extracted after addition of 8 ml of the suspension buffer. The two aqueous phases were pooled and extracted four consecutive times with an equal volume of phenol/chloroform. During the final extraction no denatured protein interphase was present. Residual phenol in the aqueous phase was removed by a single extraction with chloroform, following which LiCl was added to a final concentration of 2 M. The RNA was allowed to precipitate at 4°overnight. After centrifugation for 10 min at 9000 X g the RNA pellet was 2054
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Immunoprecipitation. GH and prolactin synthesis in the lysate was measured by double antibody precipitation. Antibodies against rat GH and rat prolactin were a gift from A. Parlow and second antibodies, anti-rabbit and anti-monkey IgG, were from V. S. Fang. Duplicate aliquots containing Al of the lysate were incubated with 5,l of diluted first antibody for 1 hr at room temperature, and for 16 hr at 40, followed by incubation for 30 min at room temperature and for 8 hr at 40 with the appropriate second antibody (see legend to Table 1 ). The precipitate was centrifuged, washed with 1 ml of phosphate-buffered saline, resuspended, and cleaned by centrifugation in Microfuge tubes through 1 M sucrose as described by Rhoads et al. (16) and dissolved in 1 ml NCS (Amersham) prior to counting. The radioactivity in lysates incubated without added RNA (0-RNA blanks) and in immunoprecipitates in the presence of normal rabbit or monkey sera, rather than the specific antisera (immunologic blanks) was similar and constituted from 0.004 to 0.020% of the acid-precipitable radioactivity (Table 1) . Specific immunoprecipitable radioactivity was calculated by subtraction of the appropriate blank. Precipitation with antiprolactin and anti-GH serum was carried out on separate aliquots of lysate or on the same lysate in sequence. Either method achieved excellent recovery and reproducibility ( Table 2 ). The specificity of the antibodies was evaluated by their ability to precipitate purified authentic rat GH and prolactin labeled with 125I. The antiprolactin serum was specific, and cross reaction of the anti-GH serum with prolactin was eliminated by addition of 1 ,ug of prolactin without affecting its reactivity with GH ( Fig. 1) . Furthermore, as previously shown by comigration of the immunoprecipitates of authentic hormones and cell-free translated material on sodium dodecyl sulfate/polyacrylamide gel electrophoresis (9) , 95% of the radioactivity appeared as sharp single peaks. In accordance with findings by Sussman et al. (17), Evans et al. (18) , and Maurer et al. (19) , the hormones translated in the cell-free system were of slightly larger molecular weights than the authentic hormones.
Quantitation of GH and Prolactin Concentration in Culture Media. GH and prolactin concentrations in the cell culture media were determined by radioimmunoassays as previously described (11) . All media were changed 48 hr prior to termination of the experiments. Thus, concentration of hormones represent the cumulative secretion by the cells into the medium over 48 hr. The cells do not store significant amounts of hormone (11) and the rate of hormonal degradation has not been determined. (9) . Results from a similar study conducted with total RNA extracted from the same cells grown in culture are shown in Fig.  2 . There was a dose-dependent increase in both prolactin and GH immunoprecipitable radioactivity. Depending upon the lysate preparation used, 50-60% of the total radioactivity was acid-precipitable in the absence of exogenous RNA. With the addition of increasing amounts of RNA, and depending upon the lysate preparation, the acid-precipitable radioactivity usually but not always declined to a minimum of 25% when the largest amount of 200 ,g of RNA per ml of reticulocyte lysate was added. Depending upon the source and quantity of RNA added, 0.023-0.210% of the acid-precipitable radioactivity was immunoprecipitable with anti-GH or antiprolactin sera. Immunologic and 0-RNA blanks had 0.004-0.020% of the acidprecipitable radioactivity.
Effect of Thyroid Hormone Deprivation on the Secretion and mRNA Activity of GH. In this study, cells plated in MEM containing fetal calf serum were divided into three groups of 15 plates. Medium in the first group was replaced with MEM supplemented with 10% normal rat serum; in the second group, with MEM containing 10% Tx rat serum; and in the third group the 10% Tx rat serum added to MEM was enriched with 80 ng of T3 per 100 ml to bring thyroid hormone concentration to a physiologic level. Following 6 days incubation in these conditions, media were collected, cells were harvested, RNA was extracted, and mRNA activity was measured. Results are shown in Fig. 3 To eliminate the possibility that decrease in GH mRNA activity observed in cells grown in Tx rat serum was due to inhibition of mRNA translation in the cell-free system, the relation of RNA input to GH synthesis in the lysate was studied. As shown in Fig. 4 , the proportionality between RNA input and GH synthesis was preserved in the three RNA preparations. 2056 Cell Biology: Seo, et 3 . Methodological details appear in the text. Culture, treatment, and translation assays using the same reticulocyte lysate were carried out simultaneously.
Also, there was no evidence for inhibition of endogenous hemoglobin synthesis by the lysate, because acid-precipitable radioactivity was identical in all reactions with same RNA input, irrespective of its origin. Thus, quantitation of the mRNA activity most likely reflects mRNA content.
Reversal of the Effects of Thyroid Hormone Deprivation by Addition of T3. In this experiment, cells were allowed to grow for 8 days in MEM containing 10% Tx rat serum, following which 80 ng of T3 per 100 ml of Tx rat serum was added and culture was continued for 2 more days. Control plates were grown in the presence of either 10% normal rat serum or Tx rat serum for the periods of 8 and 10 days. Results of GH and prolactin secretion into the media and the respective mRNA activities are shown in Table 3 , and are for clarity expressed as the ratio of Tx/normal or Tx + T3/normal. As compared to normal, a 4-fold depression in GH secretion and 16-fold decrease in GH mRNA activity was found in cells grown in Tx rat serum for the entire period of incubation. Culture for 2 days after addition of T3 was sufficient to normalize both GH secretion and GH mRNA activity. Irrespective of hormonal treatment, there were no significant changes in prolactin secretion or prolactin mRNA activity.
DISCUSSION
Thyroid hormone is known to affect a variety of metabolic processes. While these effects are well recognized, the mechanism by which thyroid hormone influences these processes has remained largely a matter of speculation (20) . The recent demonstration of a specific nuclear T3 receptor in various tissues (21) (22) (23) , coupled with work indicating that treatment with thyroid hormone increases polymerase (24) or chromatin template activity (25) and the poly(A)-rich fraction of RNA (2, 3) , suggests that thyroid hormone action may involve changes at the transcriptional level. The demonstration that the hormone induces specific mRNA species, coding for proteins known to be under hormonal regulation, would show how specificity is conferred and provide a more direct proof for the mechanism of thyroid horomone action. Such evidence appears to have been provided by Kurtz et al. (4) and by Roy et al. (5) , who showed that treatment of male hypothyroid rats for [7] [8] days with pharmacologic doses of thyroxine restored to normal both urinary excretion of and mRNA activity for the hepatic protein a2u-globulin. However, the interpretation of these experiments remains complicated by the fact that the synthesis of a2u- globulin is subject to influences by a variety of hormones of ponthyroidal origin, such as growth hormone (6), the level of which is known to be profoundly affected by thyroid hormone (7) .
In the present work we have shown that thyroid hormone deprivation decreases both the synthesis and mRNA activity of GH in rat pituitary cells grown in culture. The effect was not due to other metabolic alterations caused by hypothyroidism, because addition of thyroid hormone to the medium containing hypothyroid rat serum prevented the occurrence of the changes seen when hypothyroid rat serum was used alone (Fig. 3) . The effect could be completely reversed within 48 hr following the addition to the medium of physiologic concentrations of T3. In preliminary experiments, induction of synthesis and mRNA activity of GH was observed as early as 6 hr after addition of T3 to cells cultured in Tx rat serum. Furthermore, it appears that the effect of thyroid hormone is selective on GH, because in the same cell preparations no changes occurred in prolactin synthesis or mRNA activity (Table 3) . Data presented in abstract form by Martial et al. (26) are in agreeme..t with our observation of T3-induced GH mRNA activity, in another cell line of rat pituitary tumors. Because this cell line possesses T3 nuclear receptors and their ability to synthesize GH is quantitatively related to nuclear T3-receptor occupancy (8), the demonstration of selective induction of GH mRNA suggests that expression of thyroid hormone action requires the following sequence of events: hormone penetration within the cell, binding to nuclear receptor proteins, induction of transcriptional activity, synthesis of specific protein, and finally the metabolic effects induced by the latter.
Although, in all experiments, the thyroid hormone-induced changes in the amount of GH were always associated with corresponding changes in GH mRNA activity, direct proportionality between medium GH and cell GH mRNA activity could not always be obtained. For example, while data presented in Fig. 3 show an average of 7.5-fold decrease in both GH synthesis and mRNA activity with thyroid hormone deprivation, in Table 3 , under similar circumstances, an average Cell Biology: Seo et al. Proc . Natl. Acad. Sci. USA 74 (1977) of 4-fold decrease in GH synthesis was associated with a 16-fold decrease in GH mRNA activity. While this discrepancy may be methodologic in origin, the possibility of an additional effect of thyroid hormone at the posttranscriptional level cannot be excluded (27) (28) (29) . The following methodologic problems should be considered. The endogenous synthesis of GH and prolactin was estimated from secretion rate over 48 hr, in turn calculated from the hormonal concentration in the medium and cell number at the termination of the experiment. Rates of cell division and GH secretion may vary over 48 hr under different culture conditions. The rate of hormonal degradation has not been taken into account. On the other hand, although the intracellular hormone content was not measured, at 48 hr it represents less than 3% of the medium content. From the point of view of mRNA quantitation, the turnover rate of the messenger and the residence time of T3 at the receptor site should be considered. Acute induction of thyroid hormone deprivation causes a very gradual decline in GH mRNA activity over at least 6 and possibly 10 days. Furthermore, it is practically impossible to prepare a serum totally devoid of thyroid hormone. Attempts to extract the hormone modify the serum composition in a variety of other substances and serumless media are inadequate for the period of culture extending beyond 2 days that is necessary to induce a state of thyroid hormone deprivation. Thus, under the present experimental conditions, it is impossible to determine whether thyroid hormone may not indeed switch de novo the GH gene. We have eliminated the possibility of inhibition of mRNA translation in the cell-free system by showing a good dose response with various RNA preparations, and the preservation of prolactin mRNA activity in preparations with virtually no GH mRNA activity. In fact, the former serves as a unique internal control for the relative activity of the cell-free protein-synthesizing system, for possible errors from extraneous factors affecting cell-free translation, for mRNA recovery, and for the relative biologic quality of various RNA preparations tested.
